Cell lineage studies of the rat cerebral cortex suggest that by midneurogenesis, most precursor cells of the ventricular zone are specified to produce a single cell type. Yet there is also evidence for multipotenUal precursor cells. We used a retroviral vector to follow the developmental potential of cortical precursor cells by labeling cortical cells in cultures from embryos between 12 and 18 days of gestation. We found specified precursor cells as early as embryonic day 12, in addition to bipotential cells that generate neurons and astrocytes. Most importantly, we discovered a type of neural precursor cell, a neuroepithelial cell, that predominates earlier in development, differs distinctly from the specified precursor cells, and as a population, appears to be multipotential. These data suggest that corticogenesis progresses from an early phase dominated by neuroepithelial cells to a later phase characterized by multiple populations of specified precursor cells.
Introduction
All the neurons and macroglial cells that comprise the adult cerebral cortex are derived from the embryonic precursor cells of the ventricular zone (VZ) (Sidman et al., 1959; Sidman and Rakic, 1973; Raedler et al., 1980) . A major question in neural development is whether each cell type in the brain is derived from a separate population of precursor cells, or whether all cell types come from the same multipotential population of cells. Cell lineage studies suggest that the answer to this question is different for different regions of the CNS. In the retina, for example, there is good reason to believe that all the indigenous cell types are derived from one multipotential population of cells (Turner et al., 1990; Turner and Cepko, 1987) . Experiments in spinal cord and optic tectum have led to similar conclusions (Gray et al., 1988; Leber et al., 1990; Gray and Sanes, 1992) . The situation in the cerebral cortex, however, appears more complex, since there is evidence for cells with different developmental potentials.
Cell lineage studies in the cerebrum suggest that precursor cells may be specified, i.e., reversibly or irreversibly committed to a particular fate. If cerebral VZ cells are labeled with a retroviral vector in vivo, the majority of marked clones are composed of clusters of a single cell type *Present address: Boston Biomedical Research Institute, 20 Staniford Street, Boston, Massachusetts 02114. "iPresent address: SmithKline Beecham Pharmaceuticals, New Frontiers Science Park North, Harlow, Essex CM 19 5AW, United Kingdom. (Grove et al., 1993; Luskin et al., 1988; Price and Thurlow, 1988; Walsh and Cepko, 1992) . Six distinct types of clusters have been identified. Four are exclusively glial: grey matter astrocytes, white matter astrocytes, oligodendrocytes, and an unidentified, astrocyte-like cell type (Grove et al., 1993) . Neurons are generated from another popuiation, or possibly two populations, one each for pyramidal and nonpyramidal cells (Price and Thurlow, 1988; Parnavelas et al., 1992) . Together, these clusters make up between 80% and 90% of the identified clusters. The remainder are composed of more than one cell type, the best characterized being those comprising neurons and oligodendrocytes (Price and Thurlow, 1988) .
These data suggest that most VZ cells generate a single cell type, but there is a problem associated with their interpretation. Each cluster of labeled cells is assumed to be the entire progeny of a single infected VZ cell, but each labeled precursor cell could generate more than one cluster if the progeny of that cell dispersed during morphogenesis. This is the "splitting" problem identified by Walsh and Cepko (1992) , and indeed we know from a variety of studies that some cells disperse tangentially during corticogenesis, either within the VZ or during subsequent histogenesis (O'Rourke et al., 1992; Fishell et al., 1993; Tan and Breen, 1993) . Thus, clusters of different types could be derived from a single precursor cell.
There are two reasons to believe that dispersion distorts the cell lineage data only marginally. First, Walsh and Cepko devised a method for recognizing related clusters even if they were separated by considerable distances . Nonetheless, the majority of clones were still composed of a single cell type, to the extent that they were analyzed. Second, if precursor cells from embryonic day 16 (E16) cortex are labeled with a retrovirus and cultured on a monolayer of astrocytes, each precursor cell gives a single cell type, as in vivo. The only well-defined exception (again as in vivo) is a precursor cell, called the N-O cell, that can generate both neurons and oligodendrocytes (VViliiams et al., 1991) . In culture, there is no histogenesis and only modest movement of cells, but still the majority of clones are composed of a single cell type. These cell lineage data, then, suggest that by the time neurogenesis is roughly half complete, the majority of cells generate a single cell type. Since they retain this behavior following dissociation and cell culture, they must be specified to produce a single cell type. Nonetheless, this cannot be the complete story. Even at these late developmental stages, a substantial minority of cells, like the N-O cell, can generate two cell types (Williams et al., 1991; Grove et al., 1993; Walsh and Cepko, 1992) . There is even some evidence that three cell types can arise in a single clone (Grove et al., 1993) . Meanwhile, in studies involving single cell cloning (Temple, 1989; Kilpatrick and Bartlett, 1993) or the generation of cell lines (Snyder et al., 1992; Renfranz et al., 1991) , a reproducible finding is precursor cells that generate neurons and astrocytes. Since oligodendrocytes , 1981 Binder et al., 1986 Ranscht et al., 1982 Sommer and Schachner, 1981 Bignami et al., 1972 Hockfield and McKay, 1985 Tohyama et al., 1991 tend not to appear in many of these experiments, the precursor cells could be the derivatives of a truly multipotential precursor population or of a bipotential astrocyte-neuron precursor population. Most importantly, the relationship of the different precursor cell populations remains undefined. When do specified precursor cells arise? Are they specified, or truly determined and unable to alter their fate? Are there in addition other populations with the properties of multipotential precursor cells?
In this study, we have used a combination of retroviral lineage tracing plus dissociated cell culture, similar to that employed previously (Williams et al., 1991 
Results
In this paper, we present two sets of data. In the first, we analyze the developmental potential of the specified cortical precursor cells. In the second, we present evidence for a multipotential precursor cell type that has properties of a founder cerebral precursor cell, which we call the neuroepithelial (NE) cell type. These NE cells have properties quite distinct from those of the specified precursor cells.
Specified Precursor Cells
Dissociated cell cultures from embryonic rat cerebral cortex were grown on astrocyte monolayers as previously described (Williams et al., 1991) . After 24 hr in vitro, cells were infected with the BAG retrovirus (Price et al., 1987) , which carries the lacZgene encoding ~-galactosidase. We have previously shown that this procedure labels a small number of cortical precursor cells that can be detected after a period of time in culture with a rabbit anti-13-galactosidase serum (Williams et al., 1991) . These clones are discrete clusters of labeled cells, the number of which is directly proportional to the titer of virus used (data not shown). In the experiments presented here, we used a titer of virus that generated approximately 10 clones per coverslip. We have previously shown that at this density of infection, the probability of clones becoming superimposed (and hence lumped together as a single clone) is vanishingly small (Williams et al., 1991) . We also have evidence that cell migration is sufficiently constrained that splitting of clones will be a rare event (unpublished data).
The cell types within each clone were identified using cell type-specific monoclonal antibodies (Table 1) , visualized with class-specific anti-immunoglobulin antibodies coupled to either rhodamine or the blue chromophore methylcoumarin. Each culture was stained with the anti-13-galactosidase serum (visualized with fluorescein conjugates) and a pair of cell type-specific antibodies. By Using various combinations of antibodies, the composition of each clone could be determined.
Specified Precursor Cells in Early Embryo Cultures
We previously showed that when E16 cultures were grown in defined medium at a concentration of 2 x 10 s cells per coverslip and analyzed after either 7-8 or 11-12 days in culture, the majority of clones were composed of a single cell type--either neurons, oligodendrocytes, or astrocytes. There was one major exception; about 5% of clones were composed of both neurons and oligodendrocytes. In addition, some clones were composed of cells that were not labeled with any of the antibodies used. These we classified as unidentified (Williams et al., 1991) .
To ascertain how early in cortical development these specified precursor cells could be found, we prepared cultures from the cortex of E12-E18 embryos. Cultures were prepared as before and stained with either anti-microtubule associated protein 2 (anti-MAP2) and 04, anti-neurofilament (anti-NF) and 04, or anti-glial fibrillary acidic protein (anti-GFAP) and 04 after 11-12 days in vitro to allow for cell differentiation, in cultures from all ages, clones were composed of cells that were either all neurons (MAP2 + or NF+), all astrocytes (GFAP+), all oligodendrocytes (04 + or galactocerebroside+), neurons or oligodendrocytes, or unstained by any of these markers. The frequency of these clonal types changed marginally with development (Figu re 1). The number of neuronal clones decreased (albeit not significantly); the number of oligodendrocyte clones remained unchanged; and astrocyte clones were rare at all ages. As previously reported (Williams et al., 1991) , N-O clones rose to a maximum frequency of 3% by E16 but were absent from E18 cultures. Thus, even at E12, which is before the onset of corticogenesis, the majority of precursor cells appear to be specified. This implies a surprising lack of plasticity at such an early stage of development. Our suspicion was, therefore, either that these precursor cells have a greater developmental potential than they were exhibiting, or that other multipotential precursor cells were being overlooked.
It was theoretically possible that some of the clones we observed were the result of infection of the underlying astrocyte monolayer, even though division in these stable monolayers is extremely low. To discount this possibility, we did a series of control experiments. First, cortical cells were infected in suspension, and remaining virus was washed away prior to plating. Second, the monolayer was irradiated prior to use (3000 rads). Third, monolayers were infected in the absence of cortical cells. The first two of these protocols gave data indistinguishable from that from our standard protocol. The third procedure gave less than on average 0.01 clones per coverslip.
The Stability of Specified Precursor Cell Fate
in an attempt to broaden the fate of the specified precursor cells, we grew cortical cells from E16 at different plating densities. In vivo, these precursor cells are normally part of a densely packed neuroepithelium; therefore, cell interactions might influence fate determination or survival. Increasing the plating density could facilitate such interactions. Cultures were plated at either 2, 3, or 5 x 10 s cells per coverslip and stained after 11-12 days. Growing E16 cultures at different cell densities made no difference to the total number of clones per coverslip (8.0 ___ 1.6 at 2 x 105; 7.2 _ 0.9 at 5 x 10s), the types of clones that developed, or the frequency of each type of clone (Figure 2a) .
Since cell density did not influence the fate of E16 precursor cells, we studied the effect of fetal calf serum (FCS) on these cultures, because FCS contains many factors that could influence cell survival and fate. Cultures were grown in 10% FCS for 7-8 days and analyzed as above. No change was seen in either the total number of clones that survived nor in the types of clones observed when compared with cultures grown in serum free medium (Table 2), but two differences did emerge.
First, few astrocyte clones developed in defined medium, yet many developed in the presence of FCS. Conversely, many oligodendrocyte clones developed in defined medium, yet few developed in FCS. In the presence of serum, some of the clones that included GFAP + cells also contained GFAP-cells with the same astrocytic morphology. These cells did not label with 04 or anti-NF. Second, in defined medium, a sizable proportion of clones (14%) failed to differentiate at all, as we had noted previously (Williams et al., 1991) , and so fell into the unidentified category. In FCS, only 3% of clones were unidentified, and these were of a particular type, the NE clones described below.
Thus, FCS does not alter the types of clones observed, although it does alter their relative proportions, particularly of glial clones. This must be an effect either on precursor cell survival or on the fate of a bipotential glial precursor cell. These results are consistent with our earlier conclusion that most E16 precursor cells are specified.
In all the above experiments, the cortical cells were a E16 grown on a monolayer of astrocytes because it improved cell survival. The astrocytes could, however, also influence the fate of the precursor cells. To test this, we grew E16 cultures on poly-D-lysine. Most clones were again composed of neurons, astrocytes, or oligodendrocytes, although the number of oligodendrocyte and N-O clones dropped markedly (data not shown). The principle change, however, was that on poly-D-lysine a few clones were composed of neurons and astrocytes, a combination never previously observed.
Since these neuron-astrocyte (N-A) clones were exceedingly rare, we repeated the experiments with cells derived from E14 cortex (Table 3) . We discovered that, for most types of clone, the only differences on astrocyte and poly-D-lysine substrates was quantitative, but the major difference was an absence of N-O clones on astrocytes and the appearance of an equivalent proportion of N-A clones on poly-D-lysine (Figure 3) . Astrocytes, therefore, seem not to influence the determined precursor cells, but they do influence the fate of the small proportion of seemingly bipotential cells. They also influence the behavior of the NE clones, as discussed in the next section.
A Novel Precursor Cell Predominates in E12 Cultures
We have seen that even at E12, most precursor cells generate a single cell type in low density cultures, and that at E16 the fate of these determined precursor cells is unaltered by cell density. We asked, then, whether cell density would influence E12 precursor cells by growing them at the same range of plating densities (on astrocyte monolayers) used for E16 cultures and analyzing the clones after 11-12 days (see Figure 2b) . Increasing cell density produced the following changes. First, the total number of clones per coverslip increased dramatically from 10.7 _+ 0.5 to 26.2 _+ 9.4. Second, the frequency of the clone types changed; there was an increase in the frequency of both neuronal and astrocyte clones, but a fall in the frequency of oligodendrocyte clones. N-O clones only appeared in cultures grown at the highest concentration, in which they still represented less than 1% of the total clones analyzed.
The principle effect of cell density, however, was that in the highest density E12 cultures, 32% of the clones were of a type that we had only rarely seen before. They were composed of cells that did not stain with any of the cell type-specific antibodies and had the appearance of NE cells (Figure 4) . The clones were large and tightly clustered, with an average size of 38.9 __. 27.8 (the large standard deviation reflecting the range from 5 cells to over 150).
We stained E12 high density cultures with two antibodies (anti-nestin and anti-MAP5) known to recognize NE cells (Hockfield and McKay, 1985; Tohayama et al., 1991) . In cultures from E12, 34% of NE clones labeled with an antibody against MAP5 (data not shown). All of these clones included both MAP5 ÷ and MAP5-cells, although the cells all had the same morphology. MAP5 + cells varied between 3% and 23% of the cells in a clone. When stained with an anti-nestin antibody, 25% of NE clones were positive (Figure 4) . Again, only a proportion of the cells stained with the antibody. Since both the anti-MAP5 and nestin antibodies are class IgG1, we could not study whether the same cells contained both determinants. Given this 12.9 ± 3.6 13.13 ± 2.9 9.7 ± 1.4 11.8 ± 4.9 per coverslip Cultures from E14 embryos were grown on either astrocyte monolayers or on poly-D-lysine. They were analyzed after either 7-8 or 11-12 days in culture. Data are shown as mean number of clones of each type per coverslip __. SEM. The figures in parentheses are the data expressed as percentages of the total number of clones per coverslip. morphological and serological phenotype, we called these NE clones.
Although NE clones were most numerous in E12 cultures grown at 3 or 5 x 10 s cells per coverslip, they were also found in E12 cultures grown at 2 x 10 5, albeit at a much lower frequency ( Figure 5 ). Thus, it appears that the survival of these clones is dramatically sensitive to cell density.
Having discovered this NE clonal type, we reexamined cultures from E14 and E16 e m b~o s . We discovered that among the unidentified clones, some were indeed NE . Although the majority of NE cells, some of which are indicated by small arrows, are TuJ 1 -, this clone included one TuJ 1 + neuron (large arrow). Note that the TuJ1 ÷ neuron has a bright spot of I~-galactosidase staining in its cytoplasm. This is a common feature of the staining of neurons both in vivo and in culture (Grove et al., 1993) . Bars, 25 pro.
clones. Their frequency was low, however, and did not change with cell density (Figure 5 ).
Not only are NE clones sensitive to cell density, they are also influenced dramatically by the period of time in culture (Figure 6 ). At E14 in particular, the frequency of NE clones fell from 17% to less than 1% between 7 -8 and 11-12 days (Table 3) days. Thus, whereas the differentiated clones of all types seem to survive stably, NE clones begin to disappear from the cultures with time.
Differentiated Cells in NE clones
The majority of N E clones did not include any differentiated cell types, even after 11-12 days in culture, but some did (see Figure 4) . Of NE clones, 23% included neurons, detected with TuJ1, the anti-class III 13-tubulin antibody (Geisert and Frankfurter, 1989) . These differentiated cells represented between 4% and 20% of the total cells in the clone. Oligodendrocytes were also found in some NE clones, but only after 20 days in culture, and then only rarely. Only one clone was observed that was composed of neurons, oligodendrocytes, and undifferentiated NE cells. None of these NE clones (n = 108) included any astrocytes. We asked whether the astrocyte monolayer was influencing the fate of NE cells by growing the cultures on poly-D-lysine. We discovered that the composition of the NE clones was indeed influenced. In three separate experiments, 55 NE clones were examined; 14 of these (25%) were composed of neurons as well as NE cells--no change from the result on the astrocyte substrate--but 3 of these (5% of total N E clones) also comprised astrocytes. Oligodendrocytes did not appear in NE clones cultured on poly-D-lysine.
Discussion
At E16, the majority of precursor cells of the cerebral cortex appear specified in that they generate a single cell type both in culture and in vivo (Luskin et al., 1988; Williams et al., 1991) . We have studied the developmental potential of these cells under a variety of culture conditions, varying cell density, the presence of FCS, and the astrocyte substrate. In no case have we been able to generate from these cells a broader range of cell types. Such changes that occurred were quantitative; the proportions of clones derived from each specified precursor type varied depending on the culture conditions. We interpret this data to say that the fate of these precursor cells is determined; that is, the fate of the cells is restricted in a manner that cannot be reset by ambient conditions. Such a conclusion must be conditional; all possible influences on cell fate can never be excluded. Nonetheless, the conclusion seems justified at this stage.
The second conclusion is that these specified precursor cells can be found at E12, which is as early as we have been able to look. Here our quantitation is unreliable, since the frequency of specified precursor cells varies considerably as a proportion of the total number of clones. We have, of course, no way of identifying the types of precursor cells themselves; the virus allows us only to define the cells in terms of what they become. This uncertainty notwithstanding, the proportion of precursor cells generating a single cell type was never less than 40%.
The main finding presented here is of an early neural precursor cell type, which for convenience we have called an NE cell. These cells are certainly neural precursor cells because they label with nestin and MAP5 (or at least subpopulations of them do), and they generate neurons, astrocytes, and oligodendrocytes, although both glial cell types appear in low numbers. As a population, therefore, they are multipotential, although our data do not permit us to conclude that each NE cell is equally multipotential. They are an early precursor cell type, increasing in prominence the earlier we looked. Moreover, their properties in culture differed considerably from those of the specified cells. The NE cells were dramatically sensitive to cell density. They grew quickly by what must have been a symmet-rical mode of division judging by clonal size, but after about a week in culture many of them disappeared, presumably via apoptosis, although we have not addressed this issue. Since whole clones disappeared, the death of members of a clone must have been roughly synchronous. We presume that in vivo a greater proportion of NE cells would have differentiated than occurred in these cultures, and that cell death reflects the absence of appropriate survival factors. We are currently addressing this issue. NE cells are, therefore, a population of early, fast-growing, multipotential precursor cells, whose profile fits what might be expected of the founding multipotential precursor cells of the cerebral cortex.
A further finding of this study is that in the absence of the astrocyte substrate, some precursor cells generate neurons and astrocytes. These N-A clones are not observed when astrocytes are present, and they were not seen in our previous study (Williams et al., 1991) . Moreover, the N-O clones seen in the presence of astrocytes do not appear when the astrocytes are not there. The most noticeable feature of both of these types of neuronal-glial clones is that their frequency is never more than 5% of the total, and that they appear during a relatively narrow window of development; N-O clones peaked around E16 and N-A clones around E14. We presume that these clones represent small intermediate populations of precursor cells lying somewhere between the multipotential NE cells and the specified cells, although as we noted previously (Williams et al., 1991) , more such precursor cells Would be expected at earlier steges were this the case.
Whatever their precise relatior~ship to NE cells, the N-A clones provide a clear bridge between these cell lineage data and the single cell cloning and cell line studies. Both of these approaches selected precursor cells by their ability to grow under particular conditions and acquired populations of cells that generated neurons and astrocytes. Since no such precursor cells had previously appeared in cell culture experiments such as ours, the origin of the N-A precursor cells was unclear The possibility that they are N-A cells suggests a link between these types of study. Our data also fit well with the observation that some clones in vivo are composed of neurons and glia .
We suspect that N-O and N-A cells are a single population. Since their appearance is reciprocal and their frequency similar, this population of cells probably generates neurons and astrocytes in the absence of other astrocytes and neurons and oligodendrocytes when astrocytes are present. In fact, this "yin-yang" relationship between N-O and N-A clones is only one example in which the appearance of oligodendrocytes and astrocytes have a reciprocal relationship. When serum is added to E16 cultures, there is an increase in astrocyte clones at the expense of oligodendrocyte clones. Similarly, NE clones include either astrocytes or oligodendrocytes, depending on the presence of an astrocyte monolayer, but never both. The simplest unifying hypothesis is that the final intermediate precursor cells are changing fate, rather than the VZ cells themselves, just as has been described for the O2A cell. Nonetheless, we cannot discount differential survival rather than change of fate as an explanation of these data; perhaps astrocyte precursor cells survive better in the presence of FCS and the absence of astrocytes, whereas the converse is true for oligodendrocyte precursor cells.
In conclusion, this study suggests that there are two broad phases in the generation of cellular diversity in the cerebrum. The first is dominated by NE cells that have the multipotential properties we have described. These give way to a heterogeneous population of specified precursor cells, each with the potential to generate a single cell type. In other words, the VZ develops from a population of multipotential NE cells into a mosaic of specified cells of different types. This interpretation leaves open the unresolved questions of the role of the N-O and N-A precursor compartment and the apparent heterogeneity of the NE cells themselves. The transition from NE to specified cells would seem to be the major fate-determining step in cerebral development, which is not to say that many important cellular properties remain to be established, neuronal subtype and projection pattern among them. Taking these in vitro data together with the published in vivo data, the transition would appear to be roughly 90% complete by E16.
Experimental Procedures

Cell Cultures
The cerebral cortices of E12-E18 rat embryos were dissociated into single cells and plated onto monolayers of rat astrocytes, prepared as previously described (Noble and Murray, 1984) , and grown on 13 mm glass coverslips. Cortical cells were plated at either 2, 3, or 5 x 10 s cells per coverslip, and grown in either serum free medium (DMEM supplemented with glucose, transferrin, insulin, selenium, progesterone, thyroxine, triiodothyridine, putrescine, bovine serum albumin, and 0.5% FCS; Bottenstein and Sato, 1979; ffrench-Constant and Raft, 1986) , or DMEM plus 10% FCS. The cultures were fed with fresh medium every 2-3 days.
These cultures were infected with the BAG retrovirus (Price et al., 1987) using the same viral stocks and precisely the same methodology as previously reported (Williams et al., 1991) .
Immunofluorescence
Cultures were fixed after 7-8 or 11-12 days in culture in 4% paraformaldehyde for 15 rain at room temperature. Cultures were then stained with an antibody recognizing a cell surface determinant (antigalactocerebroside or 04; tissue culture supernatant diluted 1:3), followed by goat anti-mouse IgG3 to detect galactocerebroside or IgM to detect 04. Cells were then exposed to 1% Triton X-100 for 5 rain at room temperature, followed successively by the rabbit anti-J3-galactosidase serum (diluted 1:1000; Williams et al., 1991) and fluorescein-coupled goat anti-rabbit Ig. Finally, cells were labeled with an antibody that recognized an intracellular antigen, either immediately (TuJ 1, diluted 1:2500; MAP2 or MAP5, diluted 1:250; anti-nestin, tissue culture supematant diluted 1:3) or after fixation with acidified alcohol for 15 rain at -20°C (anti-NF, anti-GFAP, or anti-vimentin, all diluted 1:100). This third layer of staining was detected with biotinylated goat anti-mouse IgG1 (except TuJ1 for which anti-lgG2a was used), followed by streptavidin coupled to 7-amino-4-methyl-coumarin-3-acetic acid (coumarin, Molecular Probes; diluted 1:100). Cultures were then mounted in glycerol/phosphate-buffered saline solution (Citifluor) and viewed under an epifluorescence microscope. All secondary antisera, except those otherwise stated, were obtained from Bionuclear Services and diluted 1:100.
As controls, primary antibodies were replaced with normal ascites fluid or preimmune serum. No staining was observed in these control experiments. Some control cultures were left uninfected with virus. No staining was observed when these cultures were stained with the anti-13-galactosidase serum.
